Abstract Koala (Phascolarctos cinereus) populations are on the decline across the majority of Australia's mainland. Two major diseases threatening the long-term survival of affected koala populations are caused by obligate intracellular pathogens: Chlamydia and koala retrovirus (KoRV). To improve our understanding of the koala immune system, we characterised their major histocompatibility complex (MHC) class I genes, which are centrally involved in presenting foreign peptides derived from intracellular pathogens to cytotoxic T cells. A total of 11 class I genes were identified in the koala genome. Three genes, Phci-UA, UB and UC, showed relatively high genetic variability and were expressed in all 12 examined tissues, whereas the other eight genes had tissuespecific expression and limited polymorphism. Evidence of diversifying selection was detected in Phci-UA and UC, while gene conversion may have played a role in creating new alleles at Phci-UB. We propose that Phci-UA, UB and UC are likely classical MHC genes of koalas, and further research is needed to understand their role in koala chlamydial and KoRV infections.
Background
The koala (Phascolarctos cinereus) is the last living member of the marsupial family Phascolarctidae and is one of Australia's most charismatic species. Unfortunately, however, koala numbers are on the decline across most mainland populations . Koalas in the states of Queensland, New South Wales, and Australian Capital Territory have been listed as vulnerable by the Australian Federal Government since 2012 (Kollipara et al. 2013) , with recognised threats including habitat loss and fragmentation, road kills, bushfire, dog attacks, and a range of bacterial, viral and parasitic infections (Melzer et al. 2000; Dique et al. 2003; Lunney et al. 2007; McInnes et al. 2011; Rhodes et al. 2011 ). The two major diseases that threaten the long-term survival of koala populations are caused by obligate intracellular pathogens: Chlamydia (mainly C. pecorum and C. pneumoniae) ) and koala retrovirus (KoRV) (Simmons et al. 2012) . While chlamydial infection can cause genital tract and ocular disease leading to infertility and blindness, respectively , KoRV infection has been proposed to result in immunosuppression and potentially increased susceptibility to other diseases (e.g. chlamydia, lymphoid neoplasia) (Tarlinton et al. 2005; Maher and Higgins 2016) .
The major histocompatibility complex (MHC) class I and class II genes play a crucial role in disease resistance, encoding polymorphic antigen-presenting molecules on the host cell surface. While class II molecules are primarily responsible for the recognition of extracellular and intravesicular pathogens, class I molecules present foreign peptides derived from intracellular pathogens, such as viruses or cytoplasmic bacteria, to cytotoxic T cells (Roy 2003; Cresswell et al. 2005) . In koalas, MHC II genes have been previously characterised and extensively studied across Electronic supplementary material The online version of this article (doi:10.1007/s00251-017-1018-2) contains supplementary material, which is available to authorized users.
populations (Lau et al. 2013 (Lau et al. , 2014a Abts et al. 2015) ; however, class I genes remained largely unexamined, with only two studies published in the past 20 years reporting 13 transcripts isolated from three individuals (Houlden et al. 1996; Abts et al. 2015) . To bridge this gap of knowledge, we annotated class I genes in the PacBio koala genome assembly (Johnson et al. 2017) and classified the genes into classical or nonclassical by examining their tissue expression pattern, genetic variability and evolutionary features. While nonclassical class I (class Ib) genes can play diverse roles in immunological or nonimmunological processes (Braud et al. 1999) , classical class I (class Ia) molecules are centrally involved in immune responses against intracellular pathogens and therefore are more likely to play a part in koala chlamydia and KoRV resistance. This study provides the foundation for future immunological research and disease association studies in koalas.
Methods

Gene identification
The koala reference genome was sequenced on a Pacific Biosciences RS II platform and estimated to have a 57.3-fold coverage (Johnson et al. 2017 ). An additional 30× of 150 bp paired-end Illumina X Ten reads was used for polishing the PacBio assembly, resulting in a high-quality genome with 95.1% of 4104 mammalian Benchmarking Universal SingleCopy Orthologs (BUSCOs) recovered, which is the greatest among all published marsupial genomes and comparable with the human genome (Johnson et al. 2017) . BLAST searches were performed in the koala reference genome and a set of transcriptomes (Hobbs et al. 2014 ) using known marsupial MHC class I genes, including grey short-tailed opossum
, Modo-UA2, -UF, -UH and -UL available from http://bioinf.wehi.edu.au/ opossum/seq/Class_I.fa; tammar wallaby (Macropus eugenii) Maeu-UA, -UB, -UC, -UD, -UE, -UF, -UH, -UI, -UJ, -UK, -UL, -UM, -UN, -UO and -UP obtained from Siddle et al. (2009) ; Tasmanian devil (Sarcophilus harrisii) Saha-UA, -UB, -UC and -UD from Cheng et al. (2012) and Saha-UK and -UM from Cheng and Belov (2014) . BLAST hit sequences, along with 13 previously reported koala class I sequences [U33807-U33815, KP792542, KP792544, KP792554 and KP792563], were used to perform further searches in the genome to ensure that all potential lineagespecific duplicate genes were found. Coding sequences of identified genes were predicted based on human and formerly characterised marsupial genes. Phylogenetic analysis was conducted in MEGA6 (Tamura et al. 2013 ) using the neighbour-joining method (Saitou and Nei 1987) with 1000 bootstrap replicates to infer the level of confidence on the phylogeny (Felsenstein 1985) . Genes were named after their counterparts in other marsupials if clear homologous relationships were shown; otherwise, species-specific names were assigned. Alleles were named following the nomenclature system proposed by Ellis et al. (2006) .
Classical and nonclassical gene categorisation
Tissue expression Gene expression was examined using nonquantitative RT-PCR in 12 types of tissues, including the bone marrow, lymph node, spleen, thymus, liver, stomach, duodenum, jejunum, colon, lung, kidney and testis. Opportunistic samples were collected from two male koalas that were euthanised at the Australia Zoo Wildlife Hospital due to advanced disease or injury. Tissue samples were stabilised in RNAlater (Sigma-Aldrich) during necropsy and total RNA was extracted using an RNeasy Mini Kit (QIAGEN) with a DNase digestion step to eliminate DNA contamination. The integrity and concentration of RNA was assessed on a Bioanalyzer (Agilent Technologies). All samples had an RNA Integrity Number (RIN) higher than 7.5 except for one testis sample that had RIN = 6.0. Approximately 200 ng of RNA was used for complementary DNA (cDNA) synthesis with SuperScript VILO Master Mix (Invitrogen), and a 1:10 dilution of the cDNA was made for use in PCR. Locusspecific primers were designed within exon 2 (forward) and exon 3 (reverse) of the genes (Online Resource 1), with primer specificity confirmed by sequencing PCR amplicons purified from gels. PCRs were performed in a total volume of 25 μL containing 1 U of Taq DNA Polymerase (Invitrogen), 2.0 mM Mg 2+ , 0.2 mM each dNTP, 0.6 μM each primer and 1 μL cDNA. PCR conditions were as follows: 100°C hot lid, 94°C initial denaturation for 3 min, 33 cycles of 94°C denaturation for 30 s, 62°C annealing for 30 s, 72°C extension for 45 s, and 72°C final extension for 10 min.
Genetic variability Genetic variability within the peptidebinding α1 domain (exon 2) of identified class I genes was assessed via allele cloning and sequencing. Fifteen individuals belonging to two populations were used (Online Resource 2): five from a Queensland koala population at Lone Pine Koala Sanctuary (blood samples collected with approval by the Queensland University of Technology Animal Ethics Committee, Approval #0700000559), and 10 from a New South Wales population at Port Macquarie (DNA provided by the Australian Centre for Wildlife Genomics at the Australian Museum). Locus-specific primers were designed in intron 1 (towards 3′ end) and intron 2 (5′ end), with the amplicon size ranging from 313 to 443 bp (Online Resource 1). PCRs contained 1× High Fidelity Buffer (Invitrogen) consisting of 60 mM Tris-HCl (pH 8.9) and 18 mM (NH 4 ) 2 SO 4 , 2.0 mM MgSO 4 , 0.2 mM each dNTP, 0.5 μM each primer, 1.5 U Platinum Taq DNA Polymerase High Fidelity (Invitrogen), and approximately 2 ng/μL genomic DNA. PCRs were carried out as follows: 100°C hot lid; 94°C for 2 min; 34 cycles of 94°C 30 s, 62°C 30 s, and 68°C 45 s; and 68°C 10 min. PCR amplicons were purified from agarose gels using QIAquick Gel Extraction Kit (Qiagen), ligated into pGEM-T Easy Vector (Promega), and cloned using JM109 High Efficiency Competent Cells (Promega). Six positive clones per reaction were picked and plasmids were extracted using DirectPrep 96 MiniPrep Kit (Qiagen) on a QIAvac Multiwell vacuum manifold (Qiagen). Plasmids were sequenced with T7 primer at the Australian Genome Research Facility (AGRF).
Sequence analysis Sequences were quality-checked in Sequencher 4.1.4 (Gene Codes) and aligned using CLUSTAL W (Thompson et al. 1994) . To rule out PCR and sequencing errors, sequence variants that were found in multiple animals or amplified from a single animal in two separate PCRs were considered to indicate real alleles. Allele frequencies were calculated and tested for Hardy-Weinberg equilibrium using Cervus 3.0 (Kalinowski et al. 2007 ). Functionally significant residues, including those involved in peptide binding and/or T cell receptor or CD8 interaction, were predicted by aligning koala genes to human HLA-A, B, and C (Bjorkman and Parham 1990) . Mean rates of synonymous and nonsynonymous nucleotide substitutions within and outside the peptide-binding region (PBR) were computed and tested for positive or negative selection in MEGA6 using the modified Nei-Gojobori method with Jukes-Cantor correction to account for multiple substitutions at a single site (Nei and Kumar 2000) . Recombination break points of putative gene conversion events were inferred using the Genetic Algorithm Recombination Detection (GARD) method (Kosakovsky Pond et al. 2006 ) via the Datamonkey webserver (Delport et al. 2010) . Individual sites under episodic diversifying selection were detected using the mixed effects model evolution (MEME) method (Murrell et al. 2012) , and negatively selected sites were inferred using the fixed effects likelihood (FEL) method (Kosakovsky Pond and Frost 2005) .
Results and discussion
Identification of koala MHC class I genes Eleven transcribed class I genes were identified on six scaffolds in the koala genome assembly, namely Phci-UA, UB, UC, UD, UE, UF, UG, UH, UI, UJ and UK (Table 1) . Phci-UG and UH, Phci-UD and UI, and Phci-UC, UE, UF and UK are located on three scaffolds, respectively, while Phci-UA, UB and UJ are found on separate scaffolds. The scaffold that contains Phci-UC, UE, UF and UK, i.e. scaffold#255 (3,701,240 bp), represents the core MHC region harbouring 138 MHC genes (Johnson et al. 2017) .
Sequence similarities between genes ranged from 63.8 to 95.5% in coding sequences and from 52.8 to 94.1% in encoded proteins (Table 2 ). The highest similarity was found between Phci-UC and UE (95.5%), which formed a clade with 83% bootstrap support (Fig. 1) . These two genes are located in close proximity in the genome (~72 kb apart on the same scaffold) and have likely resulted from a recent duplication. Phci-UA and UB also showed well-supported phylogenetic relationships (90%), though they are found on different scaffolds and their relative position cannot be determined based on available data. Most of the koala class I genes (all except Phci-UK) showed no clear orthologous relationship with previously reported marsupial genes (Fig. 1) , which is common for MHC class I genes due to their rapid evolution involving lineagespecific gene duplication, recombination and deletion events (Nei et al. 1997) .
One distinct feature of the koala MHC as compared to other marsupials is the lack of gene UM. UM and UK are two marsupial-specific class Ib genes that have been found in all three formerly sequenced marsupial genomes i.e. the opossum, tammar wallaby and Tasmanian devil (Fig.1) . These species belong to distinct taxonomic lineages which last shared an ancestor Fig. 1 Phylogenetic analysis of marsupial MHC class I genes using coding sequences. Prefix in gene names indicates species: Phci koala, Maeu tammar wallaby, Saha Tasmanian devil, Modo grey short-tailed opossum. Sequences U33807-U33815, KP792542, KP792544, KP792554 and KP792563 are previously reported koala class I transcripts. Low statistical support values (<50%) are not shown. Koala sequences identified in this study can be found in GenBank with accession numbers KY612373-KY612406 over 68 million years ago (Kirsch et al. 1997 ). As it is unusual to observe such clear orthology between class Ib genes of distantly related species (Hughes and Nei 1989) , it has been speculated that UM and UK may play certain important marsupial-specific functions, resulting in the long-term conservation of these genes through marsupial evolution by strong purifying selection (Siddle et al. 2009 ). Formerly reported marsupial UM and UK genes in the opossum (Baker et al. 2009 ), tammar wallaby (Siddle et al. 2009 ) and Tasmanian devil (Cheng and Belov 2014) were used to search the koala reference genome and a set of transcriptomes (Hobbs et al. 2014) . While UK was identified in the core MHC region (scaffold#255), similar to what was seen in other marsupials, no koala sequence was found to show orthology to other marsupial UM genes. This suggests that the loss of UM gene in the koala was likely due to a sudden mutational event, such as unequal recombination during meiosis or genomic segment removal by a transposable element, rather than gradual pseudogenisation by point mutations. Whether the loss of UM in the koala had functional consequence or selective significance is unclear.
Compared to human class Ia genes, five koala genes, Phci-UA, UB, UD, UG and UH, have a longer α1 domain due to three additional amino acid residues at positions 81-83 (Fig. 2) , whereas Phci-UC and UE contain a deletion around this region (positions 78-83) resulting in a smaller α1 domain than the other genes. Codon sites that are essential for class I protein structures are well conserved in all koala genes, including the glycosylation site in the α1 domain (position 113 in Fig. 2 ) and four cysteines in the α2 and α3 domains which form disulphide bonds (Bjorkman and Parham 1990) . Six residues in the α3 domain that are implicated in CD8 binding are also mostly conserved, except that the two aspartic acid residues at position 251 and 255 in HLA-A are substituted by similarly negatively charged glutamic acid residues in some koala genes.
Categorisation of classical and nonclassical genes
Three koala genes, Phci-UA, UB and UC, showed characteristics of class Ia genes based on the pattern of tissue expression and genetic variability. Class Ia genes are known to be Fig. 2 Alignment of koala MHC class I protein sequences. Functional domains and features were inferred based on human class Ia genes (Bjorkman and Parham 1990) . Asterisks, hashes and diamonds indicate residues implicated in peptide binding, T cell receptor interaction and CD8 binding, respectively. Invariant sites involved in protein structure are boxed. Boxed (grey) sequence segment in α2 domain of Phci-UK is absent in the alternatively spliced transcript variant ubiquitously expressed and usually have high levels of polymorphism, whereas class Ib genes tend to have restricted tissue expression and low sequence variability (Braud et al. 1999 ). Transcription of Phci-UA, UB and UC was detected in all 12 examined tissues belonging to the immune, digestive, respiratory, reproductive and urinary systems (Fig. 3) . Seven, five and nine alleles were identified for the three genes, respectively (Fig. 4) . Phci-UC contained a relatively lower level of polymorphisms, showing an average of 96.7% codon site identity in the α1 domain among nine alleles (Online Resource 3). More variant sites were found in Phci-UA and UB, with the average α1 domain identity being 87.6 and 86.1%, respectively. Allele frequencies observed in the 10 examined New South Wales koalas and five Queensland koalas are shown in Online Resource 4. No significant deviation from Hardy-Weinberg equilibrium was detected in either sample group. The two populations displayed distinct frequency distributions, though further population surveys using larger sample sizes will be necessary to produce more accurate estimations of allele frequencies for the genes.
Another indication of the possible role of Phci-UA, UB and UC as class Ia genes is evidenced by positive selection in the α1 domain, with significantly higher rates of nonsynonymous (d N ) than synonymous (d S ) nucleotide substitutions observed at certain codon sites in the peptide-biding region (PBR) (Fig.  4) . Due to direct interactions with antigens, class Ia molecules are commonly under positive selection driven by hostpathogen co-evolution (Hughes 2002) . As a result, class Ia genes usually contain a significant excess of nonsynonymous substitutions over synonymous substitutions, especially in the PBR (Hughes and Nei 1988) . Conformingly, five sites were detected to be subject to episodic diversifying selection in the koala class Ia genes, all of which were putatively involved in peptide binding (Fig. 4) . Comparisons of the mean rates of d N Fig. 4 Sequence analysis of α1 domain of koala class Ia alleles. Asterisks and hashes above the alignment indicate residues implicated in peptide binding and T cell receptor interaction, respectively. Site-wise rates of nonsynonymous and synonymous substitutions (d N -d S ) calculated using FEL are shown below the sequences; red columns indicate codon sites under episodic diversifying selection (MEME p < 0.05), while blue columns represent negatively selected residues (FEL p < 0.05) (Colour figure online) Fig. 3 Tissue transcription of koala class I genes. Gel lanes: (1) bone marrow, (2) duodenum, (3) jejunum, (4) kidney, (5) large intestine, (6) liver, (7) lung, (8) lymph node, (9) spleen, (10) stomach, (11) testis, (12) thymus, (13) no-template control and (14) DNA ladder of 250 bp, 500 bp and 1 kb and d S within the α1 domain revealed that the PBR of Phci-UA and UC was under an overall effect of positive selection (d N > d S ), whereas their non-PBR sites appeared to have evolved more neutrally (Table 3) . Interestingly, a higher d N than d S was found outside the PBR in Phci-UB. Further sequence analysis using the GARD method for recombination detection (Kosakovsky Pond et al. 2006) revealed that this was likely caused by gene conversion, with two break points (position 49 and 70 in Fig. 4 ) with significant topological incongruence (p value <0.01) detected between Phci-UB and UA sequences. Gene conversion has been suggested as an important mechanism in creating new MHC alleles in many species, though whether such events are driven by adaptive selection is debated (Klein and Figueroa 1986; Zangenberg et al. 1995; Martinsohn et al. 1999; Hosomichi et al. 2008) . As conversion introduces nucleotide polymorphisms to a gene by transferring sequence fragments from another allele or locus, it can cause bias in analyses of point substitutions (Kosakovsky Pond et al. 2006) , which may explain the results at Phci-UB.
Unlike the three genes discussed above, the other eight koala class I genes all showed limited genetic variability and the majority had tissue-specific expression. Phci-UD was found to be expressed in all examined tissues; however, no polymorphism was detected in this gene, suggesting that it is likely nonclassical. At Phci-UE, UH and UI, two, three and three alleles were identified, containing one, two and two SNPs, respectively; most of these SNPs are synonymous except for one in Phci-UI. No sequence variants were found at Phci-UF, UG, UJ and UK. Two transcript variants were detected at Phci-UK, with the shorter variant lacking partial exon 3 at the 5′ end (Figs. 2 and 3) .
Based on these observations, we propose that out of 11 MHC class I genes, three are likely classical genes involved Classical (Krasnec et al. 2015) Modo-UG Nonclassical (Gouin et al. 2006) Modo-UE, UI, UJ, UK and UM Nonclassical (Baker et al. 2009) Modo-UA2, UF, UH and UL Expression not detected (Belov et al. 2006) Modo-UB and UC Un-linked to MHC (Miska et al. 2004) in antigen presentation in the koala. Having multiple copies of class Ia loci is typical of the mammalian MHC, though the number can be highly variable between species (Amadou et al. 1999; Chardon et al. 1999; Beck and Trowsdale 2000) . The same number of class Ia loci has been reported for four marsupials to date, including the koala, tammar wallaby, Tasmanian devil and opossum (Table 4 ), suggesting that having three class Ia genes may be a common feature of marsupial MHC.
Conclusions
Eleven putatively functional MHC class I genes were identified in the koala genome. Eight genes showed restricted tissue expression and limited sequence variability, which are characteristics of nonclassical loci. The marsupial-specific class Ib gene UM, which is well conserved across multiple marsupial lineages, is absent in the koala. Three class I genes, Phci-UA, UB and UC, are likely class Ia genes that play classical MHC functions. Further studies are underway to fully reveal the genetic diversity of these genes in koala populations using larger sample sizes and to elucidate whether polymorphisms within these genes, especially those found in the peptidebinding regions in α1 and α2 domains, are associated with disease resistance/susceptibility to chlamydia and KoRV in koalas.
